The Golgi complex is composed of several stacks arranged in a circumscribed juxtanuclear region to which the microtubule-organizing center (MTOC) localizes (19) . The association of the Golgi complex and microtubules has been demonstrated often in several systems (5, 14, 15) , with microtubules being instrumental in the orderly membrane traffic through Golgi elements (12) . The candidate proteins for mediating the interaction between the Golgi complex and microtubules have also been identified, and have been shown to be associated with the cytoplasmic face of Golgi membranes (1, 3). On the basis of these and several other observations (9, 19) , microtubules are thought to play a role in maintaining the integrity and location of the Golgi complex in interphase cells. However, although microtubules run in the vicinity of the Golgi complex (23), ultrastructural studies have not revealed the binding of the Golgi cisternae to microtubules (18, 23) , such as that shown for microtubules and endoplasmic reticulum in taxol treated cells (ll, 17) . Recently, Veit et al (21) have shown the microtubule-independent breakdown of the Golgi membraneand the reassembly of fragment vesicles into Golgi stacks. The transport of newly synthesized proteins through the Golgi cisternae is maintained in cells in which microtubules are depolymerized and the Golgi stacks are dispersed (6) . These observations have suggested that some unknownmechanismis at work to maintain the integrity, location and function of the Golgi complex in addition to or independent of the function of microtubules. Wemade a highly specific monoclonal antibody (mAbG3A5) to Golgi membrane glycoprotein (pi38), which we used previously to reveal immunocytochemically the ultrastructure of Golgi vesicles in mitotic cells (2, 24) . In this study, we present a detailed immunocytochemical analysis of the mechanismfor the microtubule bundle mediated intracellular disposition of elements of the Golgi complex in taxol treated cells using the mAb G3A5antibody . Taxol, which stabilizes microtubule assembly (17) , causes the Golgi complex to move toward the minus end of the microtubule bundle (15 showthat microtubule bundles run in the vicinity of the Golgi stack cisternae but that they have only slight contact with the Golgi stack cisternae during early taxol treatment. The Golgi stack cisternae, however, are being stretched by microtubule bundles, suggesting some unknown structure mediatingthese two structures.
MATERIALS AND METHODS
Reagents. Taxol was obtained from WakoChemical Co.. Stock solution of taxol was prepared at 10 mMin dimethyl sulfoxide and stored in small aliquots at -40°C.
Cell Culture. HeLa cells were grown in Eagle's minimum essential medium supplemented with 5% fetal calf serum. In experiments using taxol, the concentration of dimethyl sulfoxide added along with the drug as a solvent to the culture was 0. 1% (final concentration). Cells were cultivated with the drug at 37°C before preparation as indicated.
Antibodies. Hybridoma cell line (mAbG3A5) that secreted monoclonal antibody against pi38 of humanorigin was prepared as described previously (24) and purified by chromatography on columns of affi-Gel protein A. Rabbit antibody to tubulin was obtained from ICN Biomedicals, Inc.; FITC-conjugated rabbit anti-mouse IgG antibody was from DAKOA/S; Rhodamine-conjugated donkey anti-rabbit IgG antibody was from CHEMICON International Inc.
Immunofluorescence microscopy and immunoperoxidase microscopy. The preparations were madeby the methods described previously (2). Specimens were observed and photographed with an Olympusfluorescence microscope for immunofluorescence microscopy, and ultrathin sections were examined with a JEOL JEM-100S electron microscope.
Western immunoblotting of tubulins. Quantification of microtubule polymer in taxol treated HeLa cells was carried out principally by the method described by Liao et al. (10) . HeLa cells were extracted with PEM(100 mMPipes, 10 mM EGTAand 2 mMMgCl2, pH 7.0) containing 0.5 mg/ml saponin for 1 minute after drug treatment, harvested with a scraper, washed 2 times by centrifugation, and then prepared for SDS-PAGE.Blots were performed as described previous- (Fig. 5A ). At this time the microtubule bundles were formed thoroughly in the cytoplasm (Fig. 5B, arrows) , in accordance with the results shown in Fig. 3 . Next at 2 h incubation period, the Golgi complex began to be dispersed in the direction of running microtubule bundles (Figs. 5C  and D) . The cells exposed to prolonged incubation with taxol (25 h) showed quite different images; microtubules were highly polymerized and formed several wide bundles, with the Golgi complexes gathered at one end Dispersing Golgi complex does not contact directly with microtubule bundles during early period of taxol treatment. With immunofluorescence microscopy we have often observed a part of the Golgi stack cisternae being pulled along with running microtubule bundles. These images suggest that the microtubule bundles offer a motive force for the dispersion of the Golgi complex. To know the character of this force, an immunoelectron microscopic study using mAbG3A5 antibody was done. As shown in Fig. 6 , the pl38, labeled with mAbG3A5antibody, is distributed evenly in the Golgi stack cisterna membranebut is not detected in the Golgi stack cisterna lumen. Thus we expected to be able to pursue the fate of Golgi complex stack cisternae and examine their detailed interaction with the microtubule bundles during taxol treatment. Fig. 7 shows an example of stretched Golgi stack cisterna visualized by immunoelectron microscopy of a 3 h taxol treated cell. A few microtubule bundles are seen running in the region surrounding one end of stretched Golgi stack cisterna (see positions marked by the gear in A and stars on the enlarged photograph of B). However, unexpectedly, on such preparations examined we observed little direct contact between them. Next, we examined the relationship between dispersed Golgi stack cisternae and microtubule bundles. Fig. 8A shows an example of the Golgi complex dispersed to the cell peripheral region as seen in a 3 h taxol treated cell. A part of the Golgi stack structure seems to be beginning to break down. In addition, although the pi38 was present in the Golgi cisterna membrane region as well as observed in non-treated control cell (see Fig. 6 ), the distribution of the pi38 became uneven in dispersed Golgi stack cisternae, suggesting someunknownalteration occurring in the fine structure of Golgi cisterna membrane.Microtubule bundles were observed in the vicinity of such Golgi stack cisternae running parallel to the long axis of Golgi stack cisternae. However, we got no obvious evidence of direct contact between the Golgi stack cisternae and microtubule bundles upon survey of a number of dispersed Golgi complexes although their positions were at closer proximity than those seen in stretched Golgi stack cisterna. In another example of a 3 h taxol treated cell (Fig. 8B) , a portion of the Golgi stack cisternae obviously wound itself around the microtubule bundle (indicated by star mark) and in an other part microtubules were seen running in close lateral apposition to the Golgi stack (arrows). The Golgi stack cisternae were brought closer to the microtubule bundles in this state. This type of image, in which the cisternae are wound around the microtubule bundles, was frequently observed in 3 h taxol treated cells. Prolonged taxol treatmen t causes extensive fragmentation of Golgi cisternae to vesicles and results in contact between fragmented vesicles and microtubule bun- ceeded extensively and the Golgi complex accumulated at one end of the wide microtubule bundles. In these cells, the Golgi complex seems to be in closer contact to the microtubule bundles in comparisonto the cells from earlier periods of taxol treatment. Wewanted to examine the contact of these two structures in 25 h taxol treated preparation in more detail, thus immunoelectron micrographs of these cells were made which showedseveral phases of interaction between the two structures. In Fig. 9A a part of the Golgi stack is seen trapped at one end of a microtubule bundle (white arrows). In the same image, small vesicles labeled with mAbG3A5 antibody appear bound to the outer walls of microtubules (arrowheads). In another image the Golgi stack structure was no longer seen and instead many mAbG3A5 labeled small vesicles decorate the surface of the microtubules (Fig. 9B, arrowheads) . DISCUSSION Fig. 10 is a model for the fragmentation and association of the Golgi stack cisternae with a microtubule bundle during taxol treatment which integrates the principal findings of the collective data presented in this study. In the first step, a part of the Golgi stack is stretched by the microtubule bundle without any direct contact. The elongated Golgi stack cisternae next winds around the microtubule bundle as the stack is being fragmented. After prolonged taxol treatment a part of the Golgi stack cisternae are shifted to one end of the microtubule bundle and further fragmented into vesicles which dot the surface of the microtubule bundle. The Golgi vesicles seem to bind to the microtubule at this stage.
Illustrated in
Wedetected an apparent time lag before dispersion of the Golgi complex from the polymerization of microtubule or growth of microtubule bundle in the taxol treated cells. As to account for this time lag, it has been reported that the pre-existing microtubules around the MTOC are not stable and gradually disappear in taxol treated cells although massive assembly of cytoplasmic free tubulins occurs (4). This positional effect of taxol is explained by the low assembly threshold for polymerization of microtubule in the MTOC. In taxol treated cells, the formation of multiple asters was observed during the mitotic phase although most cells did not contain a centrosome suggesting the formation of secondary MTOCs (4). Taking these matters into consideration, the time lag observed in the present study may represent the time necessary for the disappearance or split out of the MTOC.After the disappearance or split out of the MTOC, the mechanism maintaining the Golgi complex structure might be disassembled, causing the Golgi complex to be guided by microtubule bundles to disperse throughout the cytoplasm.
It is of much interest that the microtubule bundles did not directly bind to the Golgi stack cisternae during the initial phase of Golgi dispersal, while the cisternae were apparently stretched in the direction the microtubules wererunning. This fact suggests the existence of an unknownmediator between the two structures. Evidence from the existing literature suggests that at least a part of the function and maintenance of the structure of the Golgi complex operates independently of microtubules (13, 18, 20, 21, 22) . On the other hand, Tassin et al. (18) observed only a minimal effect on Golgi complex localization by microtubule depolymerization initiated by nocodazole in myotubes. Fromtheses studies, wecan speculate on the existence of "stacking templates" (20) of non-microtubule material by which the Golgi complex organization is primarily maintained. This type of unknownstacking template mayalso mediate some kind of structural link between the Golgi complex and microtubules. Golgi stack cisternae may be stretched in taxol treated cells by microtubule bundles through a putative "stacking structure". One candidate for such a structure maybe the cross-bridge structure shownat the gap betweencytoplasmic organelles and the microtubules in Allogromia laticollaris (7) . However, we did not find such a structure in this study.
The Golgi stack cisternae dispersed by tubulin bundles were finally fragmented and seemed to bind directly to the microtubules. This observation suggests that the stacking structure was gradually destroyed during the fragmentation of Golgi stack cisternae. In this context, it is interesting that the distribution of pi38 in the Golgi cisternae membranebecameuneven upontaxol treatment when examined by immunoelectron microscopy. This lack of uniformity seemed to occur soon after the beginning of dispersal of the Golgi stack cisternae while their stack structure still remained intact (see Fig. 8 ). This change in the distribution of pi38 in the Golgi membranestructure might be a presage of the breakdown of Golgi stack cisternae to vesicles which occurred in cells after prolonged taxol treatment; the membrane units that remain pi38 are thought to be cut out of the vesicles attached to the microtubule bundle because such a mosaic distribution of pi38 protein is no longer observed in the vesicles (see Fig. 9B ). Alterations in the Golgi stack cisterna fine structure might affect the functional relations among the Golgi stack, stacking structure, and microtubules. Thus, we conjecture that the fragmenting cisternae mayescape from the control of the stacking structure, bind to a microtubule, and then be transported to the minus ends of microtubule bundles seen in cells treated with taxol for a prolonged time period.
Based on the experiments using taxol our results showing the detailed process of dispersion and fragmentation of Golgi stack cisternae are of particular interest whenconsidering the mechanismfor maintaining the Golgi stack structure in the MTOC. Moreover, the role of pi38 in the Golgi stack cisternae will be a target for further study on the mechanism that wesuggest here. Experiments are presently underway to clone the gene for pi38, in which connection we have thus far determined about 70% of its nucleotide sequence. At present no homology has been found with sequences reported elsewhere.
